In this paper, based on a new stub-loaded open loop resonator, a compact microstrip dual-band bandpass filter is presented. The proposed filter is designed using two stub-loaded open loop resonators to create two pass bands at 2.39 GHz and 5.7 GHz for multimode wireless LANs applications. Two high impedance sections are used in the main loops and the internal stubs are two low impedance microstrip cells. A method is presented to control the mode resonance frequencies. By increasing the internal stubs' dimensions, the resonance frequencies are adjusted without size increment. The proposed filter has a good performance. The insertion losses at 2.39 GHz and 5.7 GHz frequencies are 0.1 dB and 0.4 dB, respectively, while the return loss at the two pass bands is better than -16.6 dB. The filter size is 251 mm 2 . The designed filter is fabricated and measured. The results show that there is a good agreement between the simulation and measurement.
Introduction
The wireless local area network has become the most important communication technology. Dual-band and even tri-band systems are employed in these ubiquitous wireless communications [1] . Dual-band filters operated at 2.4 GHz/5.2 GHz and 2.4 GHz/5.7 GHz are used in wireless local area network applications. In [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] dualband bandpass filters with large dimensions and large insertion losses have been presented. In [2] a dual-band bandpass filter has been designed to create two pass bands at 2.4 GHz/5.2 GHz, using λ/2 stepped-impedance resonators and distributed parallel-coupled microstrip lines, but the selectivity of this filter is not good. In [3] a dual-band bandpass filter in low-temperature co-fired ceramic technology has been fabricated to create two pass bands at 2.4 GHz/5.2 GHz. However, it has an undesired isolation between two pass bands. In [4] a dual-band bandpass filter using the step impedance resonator with three transmission zeroes has been presented. In this structure, taped line feed structures have been used to match the impedance and to improve the insertion loss, which lead to increased filter size. To achieve a dual-band bandpass filter in [5] , a step impedance resonator with very large implementation area has been used. In [6] a complex dual-band bandpass filter has been designed based on a dual-plane structure consisting of a microstrip and a defected ground structure slot. In [7] a dualband band pass filter with a complex structure has been introduced. In [8] a step impedance resonator with very large dimension has been used to obtain a dual-band bandpass response for ultra-wideband applications. In [9] [10] [11] , open loop resonators have been used to achieve dual-band bandpass filters. In [9] half wave step impedance resonators have been used with undesired selectivity. In [10] three different dual-band bandpass filters have been * Correspondence: unrezaei@yahoo.com designed. In two of them, four open loop resonators have been used, which lead to size increment. Moreover, large tapped-line feed structures have been used, which lead to increase in size of the filters. In [11] four open loop resonators have been connected together for ultra-wideband applications.
In this paper, a tunable dual-band bandpass filter is designed using two stub-loaded open loop resonators to solve the previous works' problems such as large size, large insertion loss, large return loss, and undesired selectivity.
Filter structure
A high-impedance and a low-impedance section are shown in Figures 1a and 1b, respectively. An open loop resonator is presented in Figure 1c . The proposed resonator consists of a high-impedance section (similar to where
The input admittance of the proposed resonator viewed from the input portY in is
The resonance frequencies are obtained when Y in = 0 and/or Z in = 1 Yin = 0 . Therefore, from Eqs. (1.a) and (2) the resonance conditions are obtained as follows:
There are several solutions for Eqs. (3a) and (3b). From Eq. (3a) a method to control the resonance frequencies can be found with changing of the electrical lengths θ S , θ A , and θ B . While the electrical lengths have a direct relation with the physical lengths, by tuning the physical lengths and widths of the internal stubs and loop dimension, two desired resonance frequencies can be obtained. A useful method to control the resonance frequency and miniaturization is to increase the internal stubs and to decrease the loop size, which leads to decreased resonator dimensions. From Eq. (3a), to increase the internal stubs and to decrease the loop size, θ S must be increased, while θ A is decreased and θ B is a constant parameter.
From Eq. (3b), if θ 11 = π , for a resonance frequency f r = 5.2 GHz and a substrate with the effective dielectric constant ε re = 2.2, we have the guided wavelength λ g = 38.8 and l 11 = 19.4 mm. This obtained dimension of l 11 leads to size increment. Therefore, two similar resonators can be connected together to reduce the dimension of the tapped line.
The resonance conditions for the reflection zeroes can be obtained when Z in = 1 Yin = 0. Under this condition, the resonance condition is
From Eq. (4), the resonance frequency can be tuned by adjusting y s as a function of y A , y B , y 7 , and y 11 . Therefore, the resonance frequency can be tuned by selecting the loop dimensions and then the internal stub as a function of the loop dimensions.
Two open loop resonators as shown in Figure 1c are coupled together to form the proposed filter as shown in Figure 2a . The proposed filter has a dual-band bandpass response with controllable resonance frequencies and a low loss. The frequency response of the proposed filter is shown in Figure 2b . While an electrical length has a direct relation with the propagation constant (β) (propagation constant depends on the effective dielectric constant ( ε re ) and ε re is related to the width [12] ), the effects of the widths on the resonance frequency are clear. The effects of the length l 6 and the width w 5 on the resonance frequencies are shown in Figures 2c  and 2d , respectively. By decreasing the lengthl 6 , the first resonance frequency is shifted to the right (higher frequencies) and by increasing the widthw 5 , the first and second resonance frequencies are shifted to the left. As shown in Figure 2e , by increasing the space S, the insertion losses at the both pass bands are increased. The proposed filter is fabricated and its photograph is shown in Figure 2f . 
Results
The proposed filter is simulated using the full wave EM simulator and fabricated on a RT Duroid 5880 substrate with the dielectric constant ε r = 2.22, 15-mil thickness, and loss tangent 0.0009. The dimensions of the proposed filter per mm are (see Figure 2a) : l 1 = 1, l 2 = 0.3, l 3 = 0.6, l 4 = 2.4, l 5 = 3.9, l 6 = 3.4, l 7 = 3.2, l 8 = 2.4, l 9 = 3.2, l 10 = 3.8, l 11 = 2, l 12 = 8.1, l 13 = 3.8, l 14 = 2, l 15 = 1, w 1 = 1.2, w 2 = 0.9, w 3 = 0.3, w 4 = 0.7, w 5 = 7.6, w 6 = 0.7, w 7 = 4.2, S = 0.2, and g = 0.5. This filter has cut-off frequencies at 2.26 GHz and 2.52 GHz in the first band and 5.47 GHz and 5.92 GHz in the second band. Below the first pass band the minimum attenuation is -20 dB from DC to 1.82 GHz. Between two pass bands the minimum attenuation is -20 dB from 2.74 GHz to 4.92 GHz. The worst value of the harmonic above the second pass band is -20 dB from 6.36 GHz to 13.3 GHz. The insertion losses at 2.39 GHz and 5.7 GHz are better than 0.1 dB and 0.4 dB, respectively, while the return losses in the first and the second pass band are better than 21.3 dB and 16.6 dB, respectively. The filter size is 24.6 × 10.2 mm 2 . In comparison to the previous works, the filter size is small and the insertion loss is good. The fractional bandwidths in the first and second bands are 10.8% and 7.9%, respectively. A comparison between the designed filter and the previous works is shown in the Table. In  the Table, IL1 , IL2, RL1, RL2, F o1 , and F o2 are the first band insertion loss, the second band insertion loss, the first band return loss, the second band return loss, the first resonance frequency, and the second resonance frequency, respectively. From the Table it is clear that the designed filter not only has a smaller size but also has good performances in terms of insertion loss, return loss, fractional bandwidth, and selectivity. 
Conclusion
In this paper, a miniaturized dual-band bandpass filter with tunable resonance frequencies is designed and fabricated for high-speed WLANs. The conditions of the even mode resonance frequencies are obtained to tune the resonance frequencies without size increment. In comparison with previous works, the insertion losses in both the first and second bands are small while the return losses are reasonable. The harmonics above the second pass band are attenuated from 6.36 GHz to 13.3 GHz with the minimum attenuation of -20 dB.
